Alcohol synergistically enhances the progression of liver disease and the risk for liver cancer caused by hepatitis C virus (HCV). However, the molecular mechanism of this synergy remains unclear. Here, we provide the first evidence that Toll-like receptor 4 (TLR4) is induced by hepatocyte-specific transgenic (Tg) expression of the HCV nonstructural protein NS5A, and this induction mediates synergistic liver damage and tumor formation by alcohol-induced endotoxemia. We also identify Nanog, the stem/progenitor cell marker, as a novel downstream gene up-regulated by TLR4 activation and the presence of CD133/Nanog-positive cells in liver tumors of alcohol-fed NS5A Tg mice. Transplantation of p53-deficient hepatic progenitor cells transduced with TLR4 results in liver tumor development in mice following repetitive LPS injection, but concomitant transduction of Nanog shorthairpin RNA abrogates this outcome. Taken together, our study demonstrates a TLR4-dependent mechanism of synergistic liver disease by HCV and alcohol and an obligatory role for Nanog, a TLR4 downstream gene, in HCV-induced liver oncogenesis enhanced by alcohol.
C
hronic liver damage caused by viral infection, alcohol, metabolic syndrome, or these factors in combination can increase the risk for hepatocellular carcinoma (HCC), which is the fifth most common cancer in the world (1) . In particular, chronic infection with hepatitis B virus (HBV) or hepatitis C virus (HCV) represents a major risk factor for HCC (1) . HCV infects more than 170 million people worldwide (1) (2) (3) . Ample epidemiological evidence suggests that there is a strong connection between HCV and alcoholic liver disease (ALD). First, the prevalence of HCV infection is significantly higher among alcoholics than in the general population (4) . Second, the presence of HCV infection correlates with the severity of the disease in alcoholic subjects, as such that HCV-infected patients with ALD develop liver cirrhosis and HCC at significantly accelerated rates than do uninfected ALD patients, suggesting that alcohol and HCV work synergistically to cause liver damage (5) . Several possible mechanisms may explain the high prevalence of HCV among alcoholics and the increased severity of liver diseases in these patients. Alcohol may enhance the replication of HCV and increase the expression of viral RNA and proteins, resulting in more severe HCV-induced liver injury, and this may in part explain a positive correlation between HCV titer and the amount of alcohol consumption (6) . A metabolite and metabolic side-products of ethanol, such as acetaldehyde and free radicals, may directly stimulate HCV replication and gene expression (7, 8) . Enhanced HCV replication may also be indirectly caused by alcohol-induced immunosuppression (9) .
Recent studies with mice expressing HCV proteins have shed pivotal insight into the mechanisms underlying the synergism with alcohol. The HCV core protein causes overproduction of reactive oxygen species, which appears to be responsible for mitochondrial DNA damage (10) . The core protein also inhibits microsomal triglyceride transfer protein activity and very low-density lipoprotein (VLDL) secretion (11) , which may underlie the genesis of fatty liver. The core protein also induces insulin resistance in mice and cell lines, and this effect may be mediated by degradation of insulin receptor substrates (IRS) 1 and 2 via up-regulation of SOCS3 (12) in a manner dependent on PA28␥ 73 or via IRS serine phosphorylation (13) . Thus, these core-induced perturbations, such as oxidant stress and insulin resistance, which are also known risk factors for ALD, may contribute to the synergism reproduced in alcoholfed core transgenic mice (14) .
The most devastating consequence of the synergism between viral hepatitis and alcohol is HCC (15) (16) (17) (18) (19) . The risk of developing HCC as assessed by odds ratio increases from 8 to 48 by having concomitant alcohol abuse in HCV-and/or HBV-infected patients (19) . Although the effects of the core described above may contribute to this synergism, we directed our attention to the HCV nonstructural protein NS5A as a potential effector for the synergism. NS5A is known to have a cryptic trans-acting activity for cellular gene promoters (20) and to interact with an IFN-induced, double-stranded RNA-activated protein kinase PKR (21), thus accounting for the resistance of most HCV strains to IFN treatment. Our recent study revealed that NS5A expression induces TLR4 in the B cell lymphoma cell line Raji and the hepatoma cell line Huh7 (22) . This result raised a possibility that NS5A-induced TLR4 may aggravate ALD, which is known to be mediated by endotoxin, the ligand for TLR4. Indeed, the present study provides direct mechanistic evidence that hepatocyte-specific transgenic (Tg) expression of the HCV nonstructural protein NS5A up-regulates TLR4, which in turn induces severe steatohepatitis and liver tumors when this pattern recognition receptor is activated by alcohol-induced endotoxemia. Further, our research identifies the stem cell marker Nanog as a direct downstream gene required for TLR4-dependent liver oncogenesis.
Results

NS5A
Induces TLR4 Expression in the Mouse Liver. We have shown previously that NS5A induces the expression of TLR4 in the B cell lymphoma cell line Raji and the hepatoma cell line Huh7 (22) . However, whether NS5A induces TLR4 in the liver of the whole animal is yet to be determined. To address this question, NS5A was expressed in a hepatocyte-specific manner in mice with the use of an apoE promoter (23, 24) . RT-PCR and immunoblot analyses confirmed induction of TLR4 mRNA and protein levels in the NS5A Tg mouse liver compared with the wild-type (WT) mouse liver ( Fig. 1 A and B) . Expressions of p53, Noxa, and ␤-tubulin mRNA were not different between the 2 groups (25, 26) . These results demonstrate in vivo induction of hepatic TLR4 expression by NS5A and support the rationale for testing the role of TLR4 in synergistic liver damage by alcohol and HCV NS5A. To test the functionality of NS5A-induced TLR4, we created 4 genetic mouse lines with the identical background C57BL/6: (i) WT mice (WT); (ii) WT mice with TLR4 deficiency (Tlr4 Ϫ/Ϫ ); (iii) NS5A Tg mice (NS5A); and (iv) NS5A Tg mice with TLR4 deficiency (Tlr4 Ϫ/Ϫ NS5A). These mice were challenged by intraperitoneal injection of an acute sublethal dose of LPS (25 mg/kg). This challenge expectedly and markedly raised the serum levels of aspartate aminotransferase (AST) and TNF-␣ in WT, whereas these parameters were significantly attenuated in Tlr4 Ϫ/Ϫ (Fig. 1 D and E) . LPS-challenged WT mice did not show conspicuous liver pathology (Fig. 1C Top) or mortality [supporting information (SI) Fig. S1 A] . In contrast, in NS5A Tg mice, LPS caused 30% mortality (Fig. S1 A) , fulminant hepatitis characterized by massive hemorrhagic liver necrosis and inflammation (Fig. 1C  Middle) , and augmented elevations of serum AST and TNF-␣ ( Fig.  1 D and E) . Importantly, all of these changes were largely abrogated in Trl4 Ϫ/Ϫ NS5A mice ( Fig. 1 C-E and Fig. S1 A) , supporting the role of TLR4 in LPS-induced hepatitis and mortality in NS5A mice. Next, we validated whether NS5A expression augmented LPSinduced signal transduction via TLR4 by assessing the interaction of TGF-␣-activated kinase 1 (TAK1) with TNFR-associated factor 6 (TRAF6) or IL-1 receptor-associated kinase-1 (IRAK1), the signaling events immediately downstream of LPS-TLR4-CD14 binding (13) . Coimmunoprecipitation analysis of liver protein extracts readily detected enhanced TAK1-TRAF6 and TAK1-IRAK1 interactions in NS5A mice given LPS, whereas these protein-protein interactions were not observed in WT or Tlr4 Ϫ/Ϫ NS5A mice under the same immunoblotting condition (Fig. 1F) . We also analyzed phosphorylation of JNK and IB␣, 2 further downstream parameters of TLR4 signaling. As shown in Fig. 1G , phosphorylation of JNK and IB␣ (p-JNK, p-IB␣) was also prominent in NS5A mice but not in WT or Tlr4 Ϫ/Ϫ NS5A mice (Fig.  1G ). These results demonstrate augmented activation of TLR4 signaling in the liver of LPS-challenged NS5A mice and their sensitization for LPS-induced fulminant hepatitis.
Because TLR4 was primarily induced in hepatocytes by hepatocyte-specific expression of NS5A, the accentuated liver damage in NS5A mice is presumed to have resulted from heightened TLR4 activation in the parenchymal cells. However, Kupffer cells still represent another obvious cellular site of TLR4 signaling. Thus, to determine whether or to what extent Kupffer cells contribute to liver injury induced by LPS in NS5A mice, we depleted Kupffer cells by administration of liposomeencapsulated Clodronate (27) 2 days before LPS injection. This method depletes more than 95% of Kupffer cells (27) and largely (75Ϸ80%) prevented LPS-induced increases in serum AST and TNF-␣ levels in WT, confirming that Kupffer cells are the predominant site of TLR4 activation. In NS5A, however, the same manipulation reduced these parameters only by 35% and 39%, respectively ( Fig. S1 B and C) and did not attenuate the mortality rate (data not shown). From these results, we conclude that Kupffer cell-derived TNF-␣ accounted for Ϸ40% of total TNF-␣ produced in response to LPS in NA5A mice and had a only minor if no role in liver damage and mortality in this model. Conversely, these results suggest that the remaining 60% of TNF-␣ in the serum of these mice was produced by TLR4-expressing hepatocytes.
Expression of NS5A and TLR4 in Hepatitis C Patient Livers. Next, we assessed the clinical relevance of our finding on TLR4 induction in NS5A mice. Liver protein extracts were obtained from healthy subjects, patients with HCV infection, and HCV patients with a history of alcoholism. These samples and the samples from NS5A mouse livers were concomitantly analyzed for the expression of NS5A by immunoblot analysis. As shown in Fig. S2 A, the expression of NS5A is increased in HCV patients with or without alcoholism compared with healthy subjects. A densitometric anal- ysis of normalized NS5A expression shows that the expression in the patient livers is about a third of the level seen in NS5A mice (Fig.  S2B ). These results indicate that NS5A Tg expression in our mouse model is not extremely unphysiological. Next, we performed immunocytochemistry on liver cryosections from HCV patients with or without alcoholism to assess the expression of TLR4 and 2 downstream parameters of TLR4 signaling: p-JNK and p-IB␣. In these samples, increased colocalization of TLR4 with p-JNK and p-IB␣ was noted, particularly in HCV patients with alcoholism ( Fig. S2 D and E) . These results support the clinical relevance of our finding on TLR4 induction and activation in NS5A mice.
NS5A-Induced TLR4 Aggravates Alcoholic Steatohepatitis. Because NS5A mice are sensitive to LPS due to TLR4 induction, and alcohol-induced liver injury is known to be mediated by endotoxin, we tested whether NS5A Tg mice are more susceptible to alcoholinduced liver damage. For this, the same 4 genetic lines of mice described above (WT, Tlr4 Ϫ/Ϫ , NS5A, and Tlr4 Ϫ/Ϫ NS5A) were fed either control or ethanol diet by intragastric infusion that allowed maximal ethanol intake for 4 weeks (see experimental design in Fig.  S3A ). Ethanol feeding in WT mice resulted in diffuse (2ϩϷ4ϩ) fatty liver with or without small foci of inflammation (Table S1 ) and a 2.7-fold increase in plasma alanine aminotransferase (ALT) levels (95 Ϯ 18 units/L) compared with control diet-fed WT mice (Fig.  S3B) . In contrast, ethanol-fed NS5A Tg mice displayed an additional 2-fold increment in ALT elevation (181 Ϯ 21 units/L) compared with ethanol-fed WT mice (Fig. S3B ). Spotty and submassive liver necrosis, as well as infiltration of mononuclear cells, neutrophils, and eosinophils in the necrotic midzone region, was also observed in these mice (Fig. S3G ). This pathology resembles coagulative necrosis commonly observed in chronically ethanol-fed rodents given acute LPS and confirmed that NS5A Tg mice are more susceptible to alcoholic steatohepatitis. This pathology and the elevation of the plasma ALT level were largely abolished in Tlr4 Ϫ/Ϫ NS5A mice (Table S1 and Fig. S3 D and H) , confirming the pathogenic role of TLR4 in this mouse model. It should be noted that the plasma endotoxin levels in NS5A Tg and WT mice were equally elevated by alcohol feeding compared with pair-fed control animals (Fig. S3C) .
Next, we determined the role of endotoxin in alcoholic steatohepatitis in NS5A Tg mice by intragastric administration of polymyxin B (150 mg/kg per day) and neomycin (450 mg/kg per day) for 4 days before alcohol feeding and during the entire feeding period. This antibiotic treatment reduced ALT levels ( Fig. S3E ) and liver pathology in ethanol-fed NS5A Tg mice ( Fig. S3I and Table S1 ). Conversely, LPS was administered weekly via the intragastric tube to ethanol-fed NS5A Tg mice to test whether this manipulation accentuates alcoholic liver damage. As expected, LPS aggravated liver damage caused by alcohol (Table S1 ) and led to 2.5-fold higher serum ALT levels compared with alcohol-fed NS5A mice without LPS (Fig. S3E) . These results indicate the importance of endotoxinactivated TLR4 signaling in the pathogenesis of aggravated steatohepatitis in alcohol-fed NS5A Tg mice. Oxidant damage is a key feature of alcoholic liver damage that can be further potentiated by endotoxin (28, 29) . Thus, we measured the hepatic content lipid peroxides in WT and NS5A Tg mice fed alcohol or control diet. Alcohol feeding increased the lipid peroxide levels 2-fold in WT mice. In NS5A Tg mice, this effect was significantly accentuated with a 3.3-fold elevation, indicating enhanced oxidative damage in alcohol-fed NS5A Tg mice (Fig. S3J ).
NS5A-Induced TLR4 Causes Synergistic Liver Oncogenesis by Long-
Term Alcohol Feeding. We next extended our study to determine whether NS5A-mediated TLR4 induction causes liver tumor after prolonged alcohol feeding. For this experiment, we fed the same 4 genetic lines of mice Lieber-DeCarli diet containing 3.5% (wt/vol) ethanol or isocaloric dextrin for 12 months. This liquid diet containing the lower ethanol concentration was fed ad libitum, and this regimen alleviated the high mortality commonly associated with this type of long-term feeding. Total daily caloric intakes from the control or ethanol diet by different genetic groups were not significantly different (WT:
Ϫ/Ϫ NS5A: 17.6 Ϯ 3.6 vs. 16.3 Ϯ 4.0 mL/mouse per day). Liver tumor was not detected in WT, NS5A Tg, or Tlr4 Ϫ/Ϫ NS5A mice fed the control diet or WT mice fed the alcohol diet. In contrast, liver tumor was found in 23% of ethanol-fed NS5A Tg mice ( Fig. 2 and Table S2 ) but was completely absent in Tlr4 Ϫ/Ϫ NS5A Tg mice (Table S2 ). Most tumors detected in NS5A mice were hepatoma (Fig. 2) . WT and NS5A mice studied for this experiment had relatively even sex distributions (49% and 55% females vs. 51% and 45% males), and the tumor incidence was not statistically different between the 2 sexes (Table S3 ). Alcohol feeding increased serum TNF-␣ levels 4-fold in WT mice and 6-fold in NS5A Tg mice, and this difference was significant (Table S2 ). TLR4 deficiency significantly and largely attenuated this increment in alcohol-fed NS5A mice (Table S2 ). Enhanced TLR4 signaling by NS5A and alcohol feeding was validated by increased TAK1 interaction with TRAF6 and by elevated p-JNK and p-IB in the livers of alcohol-fed NS5A mice but not alcohol-fed WT or Tlr4 Ϫ/Ϫ NS5A mice ( Fig. S4 A and  B) . Colocalization of TLR4 with TNF-␣, p-IB, and p-JNK was also evident in liver sections of alcohol-fed NS5A but not WT mice (Fig.  S4 C and D) . These data demonstrate that alcohol and NS5A synergistically induce liver tumors through enhanced expression of TLR4 and signaling.
Nanog as a TLR4 Downstream Gene Induced by NS5A and Alcohol. To understand the molecular mechanisms of the synergism demonstrated in alcohol-fed NS5A mice, we performed microarray analysis on RNA samples extracted from non-tumor-bearing portions of liver tissues from NS5A Tg and WT mice fed alcohol as described in detail in SI Methods. Of more than 39,000 transcripts and variants examined by using more than 45,000 probe sets, 83 transcripts showed increased expression with a cutoff value of 4.0-fold (balanced differential expression) in NS5A mouse livers. The lists of differentially regulated genes are shown in Fig. S5 . Of note are induction of a stem cell marker (i.e., Nanog), TLR4 downstream cytokines (e.g., IFN-␣4), and apoptosis-related genes (e.g., Bcl2a1a and Bcl11a) as well as down-regulation of the epigenetic transcriptional regulator trithorax group of proteins (e.g., ASH1 and ASH2) and developmental transcription factors (e.g., Hox, Myo, and Fox families).
Induction of the stem cell marker Nanog in alcohol-fed NS5A mice was intriguing in light of the report that a particularly poor prognostic subtype of human HCC is derived from hepatic progenitor cells (30) . This induction was confirmed by immunofluorescence microscopy (Fig. 3A), immunoblotting (Fig. 3B) , and quantitative RT-PCR (Fig. 3C) . Nanog was colocalized with another stem cell marker, CD133 or CD49f, in liver tumors of NS5A Tg mice fed alcohol (Fig. 3A) , suggesting the presence of cancer stem cells. Nanog induction was dependent on NS5A and alcohol ( Fig. 3 B and C) and abrogated in Tlr4 Ϫ/Ϫ NS5A mice fed alcohol ( Fig. 3C) . We next tested the direct relationship of Nanog induction with TLR4 activation by analyzing Nanog expression in LPS-treated Huh7 cells transduced with an NS5A or control vector with or without TLR4 knockdown with short-hairpin RNA (shRNA). As shown in Fig. 3D , LPS up-regulated Nanog expression in NS5A-transduced cells but not in control vector-transfected cells. This induction of Nanog by LPS was significantly reduced by shRNA directed against TLR4 but not by scrambled shRNA (Fig. 3D) . To assess the efficiency of TLR4 knockdown, we performed immunoblot analysis. As shown in Fig. 3E , induction of TLR4 protein by NS5A was decreased approximately by 80% with TLR4 shRNA. Overexpression of Tlr4 (TLR4ϩ) but not the mutant with deletion of the cytoplasmic domain (TLR4⌬Cyt) in Huh7 cells also increased the expression of Nanog in the presence of LPS, further validating that activated TLR4 enhances Nanog expression (Fig.  3D) . To determine whether NS5A induces Nanog expression via TLR4 at the transcriptional level, we performed a reporter assay using a Nanog promoter. LPS treatment increased the reporter activity in the cells transduced with NS5A. This induction was attenuated with TLR4 shRNA but not with control shRNA (Fig.  3F) . Transduction of wild-type TLR4 but not the mutant TLR4 also caused the promoter activation in the presence of LPS. These results demonstrate that the promoter of the Nanog gene is directly activated by TLR4, and Nanog is a novel downstream gene of TLR4 signaling.
Nanog Mediates TLR4-Dependent Liver Oncogenesis by Hepatic Progenitor Cells. To further validate the role of TLR4 and Nanog in liver oncogenesis in the whole animal, we used the hepatic progenitor cell transplantation model (31) . Hepatoblasts were isolated from p53-deficient embryonic livers (embryonic days 12.5Ϸ15), infected with a retroviral vector expressing TLR4 or Nanog along with GFP, and transplanted into wild-type mice via splenic injection. These recipient mice were injected with 3 doses of the hepatotoxin CCl 4 to stimulate reconstitution of transplanted progenitor cells in the liver and were subsequently treated by repetitive intraperitoneal injection of LPS or PBS 3 times a week for 25 weeks (Fig. 4A) . The cells transduced with a c-myc expression vector served as a positive control, which led to consistent liver tumor formation (Fig. 4 B and C) . Mice receiving a transplant of TLR4-transduced progenitor cells developed liver tumors after 48-54 days following transplantation only when LPS was administered (Fig. 4 B and C) , as judged by GFP imaging of the animals (Fig. 4D ) and autopsy. No tumor was observed in mice receiving a transplant of the cells transduced with the TLR4 deletion mutant of cytoplasmic domain (⌬Cyt), even after LPS injection (Fig. 4C) . The tumor incidence caused by TLR4 transduction and LPS injection was reduced by coexpression of shRNA against Nanog but not scrambled shRNA (Fig. 4 B and C) . Direct Nanog transduction in hepatic progenitor cells also produced liver tumors, but to a lesser extent compared with the LPS-injected mice with transplantation of TLR4-transduced cells (Fig. 4 B and C, TLR4 ϩ LPS) . The mortality of the mice in the different treatment groups roughly correlated with the liver tumor incidence (Fig. 4E) .
To further assess the appearance and growth rate of tumors caused by the TLR4-or Nanog-transduced progenitor cells, the cells were injected s.c. into nude mice, and GFP imaging was performed for quantitative assessment of the tumor volume every 8 days for 88 days. TLR4-transduced cells began to form a tumor mass at 40 days after transplantation only when LPS was administered and the cells were deficient in p53 (p53 Ϫ/Ϫ ), but not when PBS was given or the transplanted cells were from the wild-type mice (p53 ϩ/ϩ ) (Fig. 4F) . The cells transduced with the mutant TLR4 (⌬Cyt) did not form tumors. The tumor mass in the TLR4 plus LPS mice steadily grew in size and was approximately half of that seen with c-Myctransduced cells at the terminal point (Fig. 4F) . Nanog- transduced cells formed a detectable tumor mass in the absence of p53, but at a later time point and with a lesser growth rate (Fig. 4G) . To determine whether Nanog expression induced by TLR4 signaling is essential for tumor formation and growth in this model, shRNA for Nanog was cotransduced with the TLR4 expression vector. The tumor mass appearance and growth by TLR4-trasnduced, p53 Ϫ/Ϫ progenitor cells were significantly delayed by Nanog shRNA compared with those with scrambled shRNA (Fig. 4H) . Silencing of Nanog was confirmed by immunoblot analysis of the cells collected 10 days after transplantation (Fig. 4H Inset) . These results indicate that Nanog mediates the oncogenic potential of activated TLR4, but it alone does not confer the full oncogenic effect.
Discussion
The present study reveals several novel findings with respect to the molecular mechanism underlying synergistic liver pathology caused by HCV and alcohol. First, it demonstrates that NS5A and alcohol synergistically induce hepatocellular damage and transformation via accentuated and/or sustained activation of TLR4 signaling, which results from HCV NS5A-induced TLR4 and endotoxemia associated with alcohol consumption. Second, Nanog is identified as a novel downstream gene transcriptionally induced by activated TLR4 signaling. Third, this stem cell marker is largely responsible for TLR4-mediated liver tumor development, as shown by our hepatic progenitor cell transplantation experiments. Last, despite the common understanding that TLR4 is one of the pattern recognition receptors expressed predominantly by innate immune cells, such as macrophages and lymphocytes, our study demonstrates that hepatocytes can be the primary cellular site of both TLR4 up-regulation and its pathologic consequences in the context of HCV infection. Our experiment with Kupffer cell depletion shows a reduction of serum TNF-␣ levels by 80% in WT mice but only 40% in NS5A Tg mice given LPS (Fig. S1 ), indicating the presence of a major non-Kupffer cell source of TLR4 activation and TNF-␣ expression in NS5A Tg mice. This conclusion and its relevance to humans are also supported by immunohistochemical colocalization of TLR4 with p-JNK and p-IB␣ in the liver parenchyma of HCV patients. Indeed, this new paradigm offers a logical explanation for a clinical observation that hepatocytes are positively stained for proinflammatory gene expression in HCV patients (35).
Nanog transduction alone is not as effective as TLR4 activation in liver tumorigenesis, as shown by our cell transplantation exper- with a Nanog or control retrovirus were subcutaneously transplanted into nude mice, and the tumor mass growth was monitored as above. Immunoblot analysis was performed on the transduced cells after 10 days following infection and just before transplantation. This analysis confirms the expression of Nanog (Inset). Nanog-transduced progenitor cells led to a small but significantly increased tumor mass compared with the cells transduced with the control vector ( * , P Ͻ 0.05).
(H) Hepatic progenitor cells expressing TLR4 gave rise to growing tumors in nude mice repetitively injected with LPS, and this growth was significantly attenuated with Nanog shRNA ( * , P Ͻ 0.04). Immunoblotting of lysates from the hepatoblasts collected 10 days after the transplantation and LPS injection confirms induction of Nanog in TLR4-transduced cells and effective knockdown of Nanog by cotransduction of the specific shRNA (Inset).
iment. We believe that TLR4 activation induces other tumor-driver genes, which cooperatively work with Nanog to cause liver oncogenesis. Thus, Nanog is still essential for TLR4-dependent oncogenesis, but it alone is poorly oncogenic. In our previous work using the Huh7 cell line, we demonstrated that TLR4 promoter upregulation by NS5A is mediated by PU.1, Oct-1, and AP-1 elements (22) . The similar transcriptional mechanism may underlie TLR4 induction in primary hepatocytes. Obviously, our future study will need to address this possibility.
The roles of JNK and IKK in liver oncogenesis are important questions. AP-1 is activated in both HCC and chronic hepatitis (32) . In vitro studies using liver-derived cell lines demonstrate rapid activation of AP-1 by HBV or HCV proteins (33) . Our study also shows activation of JNK in alcohol-fed NS5A Tg mice in concurrence with the increased risk of liver tumors (Fig. S4) . Our study did not address which isoform of JNK (JNK1/2) is responsible for NS5A-TLR4-mediated liver damage and oncogenesis, and this is an obvious question that will need to be addressed by our future study.
In summary, the present study has demonstrated that alcohol and HCV NS5A induce synergistic liver tumor development via induction and activation of TLR4 in mice. The importance of Nanog as a direct downstream gene of TLR4 in this oncogenesis has also been identified. These findings indicate that pharmacologic inhibition of TLR4 signaling may provide a novel therapeutic option for HCVassociated liver tumors.
Materials and Methods
Mice. Mice expressing the HCV NS5A gene under control of the apoE promoter were obtained from Ratna Ray at Saint Louis University (St. Louis, MO). NS5A Tg (FVB strain) and Tlr4 Ϫ/Ϫ mice on C57BL/6 strain (Jackson Laboratories) were intercrossed more than 8 generations to produce WT, NS5A, Tlr4 Ϫ/Ϫ , and Tlr4 Ϫ/ ϪNS5A mice on a more congenic genetic background. Tsukamoto-French intragastric ethanol infusion model was applied as previously described (34) . LieberDeCarli diet containing 3.5% ethanol or isocaloric dextrin (Bioserv) was fed for long-term alcohol feeding. All animal experiments were performed with ageand sex-matched mice from same littermates and conducted in accordance with the approved Institutional Animal Care and Use Committee protocol at the University of Southern California.
Hepatic Progenitor Cell Transduction and Transplantation Experiment. Hepatoblast transplantation experiments were performed by using the protocol previously described for isolation, culture, retroviral/lentiviral infection, and transplantation via spleen of purified p53 Ϫ/Ϫ hepatoblasts (1 ϫ 10 6 cells), as well as retrosine and CCl4 treatment and tumor monitoring of recipient C57BL/6 mice (31). Tumor volume (cm 3 ) was calculated by the 3-dimensional animal imaging system at the University of Southern California Molecular Imaging Center. For nude mouse transplantation, Matrigel beads (Invitrogen) were used to anchor hepatoblasts (2 ϫ 10 6 cells) for s.c. injection.
